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Introduction {#jdi12523-sec-0005}
============

Type 2 diabetes, which is largely associated with increased rates of obesity and reduced physical activity, has become a global epidemic[1](#jdi12523-bib-0001){ref-type="ref"}. Approximately 3.4 million deaths are attributable to type 2 diabetes according to an investigation by the World Health Organization. Type 2 diabetes is characterized by hyperglycemia in the context of insulin resistance (IR) with microvascular and macrovascular complications[2](#jdi12523-bib-0002){ref-type="ref"}. Several studies have focused on the inflammation issue in type 2 diabetes, as obesity‐associated IR in type 2 diabetes is a disorder in the balance between pro‐inflammatory and anti‐inflammatory signals[3](#jdi12523-bib-0003){ref-type="ref"}. On one hand, the pro‐inflammatory cytokines can impede insulin signaling in obesity and diabetes, such as tumor necrosis factor‐α, interleukin (IL)‐1β and interferon (IFN)‐γ[4](#jdi12523-bib-0004){ref-type="ref"}, [5](#jdi12523-bib-0005){ref-type="ref"}, [6](#jdi12523-bib-0006){ref-type="ref"}, [7](#jdi12523-bib-0007){ref-type="ref"}. On the other hand, anti‐inflammatory cytokines, such as IL‐10 and IL‐4, can help maintain insulin sensitivity[8](#jdi12523-bib-0008){ref-type="ref"}, [9](#jdi12523-bib-0009){ref-type="ref"}. In addition, CD8^+^ and CD4^+^ T cells in adaptive immunity[10](#jdi12523-bib-0010){ref-type="ref"}, and natural killer cells[11](#jdi12523-bib-0011){ref-type="ref"} and macrophages[12](#jdi12523-bib-0012){ref-type="ref"} in innate immunity are also involved in type 2 diabetes‐related inflammation. Therefore, now the key task for researchers is to find new inflammatory molecules involved in the pathogenesis of type 2 diabetes. In addition, diabetes duration in type 2 diabetes patients might affect effective treatment, and most type 2 diabetes patients cannot clearly determine the disease onset. Therefore, it is important to find a novel biological marker for diabetes duration calculation in type 2 diabetes patients.

T cell immunoglobulin and mucin domain‐containing molecule 3 (Tim‐3) is a membrane protein initially identified as a negative regulator of Th1 immunity[13](#jdi12523-bib-0013){ref-type="ref"}, [14](#jdi12523-bib-0014){ref-type="ref"}. Recently, Tim‐3 was also shown to play important roles in activated T helper 17[15](#jdi12523-bib-0015){ref-type="ref"}, cytotoxic T cell 1[16](#jdi12523-bib-0016){ref-type="ref"}, macrophages/monocytes[17](#jdi12523-bib-0017){ref-type="ref"}, [18](#jdi12523-bib-0018){ref-type="ref"}, dendritic cells[19](#jdi12523-bib-0019){ref-type="ref"} and natural killer cells[20](#jdi12523-bib-0020){ref-type="ref"}. A strong correlation between Tim‐3 expression and some chronic diseases has been recently confirmed, such as atherosclerosis[21](#jdi12523-bib-0021){ref-type="ref"}, [22](#jdi12523-bib-0022){ref-type="ref"} and chronic viral infection[23](#jdi12523-bib-0023){ref-type="ref"}. Recent data showed that Tim‐3 has a potential relationship with type 2 diabetes. Tim‐3 is involved in the therapeutic function in type 1 diabetes[24](#jdi12523-bib-0024){ref-type="ref"}, and its ligand, galectin‐9, is elevated in patients with type 2 diabetes[25](#jdi12523-bib-0025){ref-type="ref"}. Here, we will focus on the expression of Tim‐3 on the peripheral blood mononuclear cells in type 2 diabetes patients, and provide a novel biological marker on CD14^+^ monocytes for diabetes duration in type 2 diabetes patients.

Materials and Methods {#jdi12523-sec-0006}
=====================

Blood samples {#jdi12523-sec-0007}
-------------

Peripheral blood samples obtained from 31 patients with type 2 diabetes at the Endocrinology Department in Qilu Hospital, Jinan, Shandong, China, were involved for the isolation of peripheral mononuclear cells. Type 2 diabetes was diagnosed on the basis of fasting blood glucose ≥7.0 mmol/L and/or random blood glucose ≥11.1 mmol/L. None of the individuals used antihypertensive agents or statin agents in the diabetes duration. Diabetes duration means the timespan from the first diagnosis to when the blood samples were obtained. Blood samples of 18 healthy donors were obtained from a clinical laboratory at Qilu Hospital. None of the individuals were positive for hepatitis B virus, hepatitis V virus or HIV, consumed excessive alcohol, or other special cases before sampling. The study was approved by the medical ethics committee of Shandong University, and informed consent was acquired from each participant. All the data of the human participants are summarized in Table [1](#jdi12523-tbl-0001){ref-type="table-wrap"}.

###### 

Clinical characteristics of participants

  Characteristics             T2D patients (*n* = 31)   Healthy donors (*n* = 18)
  --------------------------- ------------------------- ---------------------------
  Female, *n* (%)             18 (58.1)                 10 (55.6)
  Age, years (range)          57 (37--75)               52 (30--68)
  BMI (kg/m^2^)               24.96 ± 0.65              22.34 ± 0.81
  HbA1c (%)                   8.92 ± 0.31               5.25 ± 0.98
  FPG (mmol/L)                9.80 ± 0.56               4.18 ± 0.78
  Insulin (μIU/mL)            30.31 ± 8.04              10.82 ± 5.09
  Diabetes duration (years)   13.45 ± 1.66              --
  Total lymphocytes (%)       32.91 ± 1.90              35.01 ± 2.30
  Total monocytes (%)         5.25 ± 0.33               4.99 ± 0.36
  CD4^+^ T cells (%)          35.92 ± 2.35              33.95 ± 2.44
  CD8^+^ T cells (%)          32.10 ± 1.45              34.26 ± 2.38
  CD14^+^ monocytes (%)       72.21 ± 2.37              73.86 ± 3.50

Data are expressed as median ± standard error of the mean. BMI, body mass index; FPG, fasting plasma glucose; HbA1c, glycated hemoglobin; T2D, type 2 diabetes.
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Peripheral blood mononuclear cells isolation and flow cytometry {#jdi12523-sec-0008}
---------------------------------------------------------------

Human peripheral blood mononuclear cells were isolated by centrifuging the whole blood with an EZ‐Sep^™^ (Dakewe, Shenzhen, China) lymphocyte separation tube. The peripheral blood mononuclear cells were stained with anti‐human Tim‐3‐PE (Biolegend, San Diego, CA, USA), anti‐human CD3‐APC (Biolegend), anti‐human CD4‐FITC (Biolegend), anti‐human CD8‐FITC (Biolegend), anti‐human CD14‐FITC for 30 min. At least 10,000 cells were analyzed by a FACSAria II (BD, Franklin Lakes, NJ, USA), and the respective isotype control immunoglobulin G was involved as the control. Cells were gated based on their forward and side scatter properties. The cells in the Figure [1](#jdi12523-fig-0001){ref-type="fig"}a were gated by the strategy in Figure S1a, and the cells in Figures [2](#jdi12523-fig-0002){ref-type="fig"}a and [3](#jdi12523-fig-0003){ref-type="fig"}a were gated by the strategy in Figure S1b.

![T cell immunoglobulin and mucin domain‐containing molecule 3 (Tim‐3) expression on CD14^+^ T cells in type 2 diabetes patients is significantly decreased. Peripheral blood mononuclear cells were isolated from healthy donors (*n* = 18) and patients with type 2 diabetes (*n* = 31). (a) Flow cytometry analysis of Tim‐3 expression on CD14^+^ T cells (left) and the statistical graph is shown (right) for type 2 diabetes patients (*n* = 31, 30.43 ± 3.58%) and healthy donors (*n* = 18, 50.78 ± 2.36%). (b) Correlation analysis of Tim‐3 expression on CD14^+^ T cells and type 2 diabetes patients' fasting plasma glucose (FPG), glycated hemoglobin (HbA1c), insulin, body mass index (BMI), age and diabetes duration. \*\*\**P* \< 0.001.](JDI-7-867-g001){#jdi12523-fig-0001}

![T cell immunoglobulin and mucin domain‐containing molecule 3 (Tim‐3) expression on CD4^+^ T cells in type 2 diabetes patients is significantly increased. Peripheral blood mononuclear cells were isolated from healthy donors (*n* = 18) and patients with type 2 diabetes (*n* = 31). (a) Flow cytometry analysis of Tim‐3 expression on CD4^+^ T cells (left) and the statistical graph are shown (right) of type 2 diabetes patients (*n* = 31, 17.26 ± 1.51%) and healthy donors (*n* = 18, 4.69 ± 0.45%). (b) Correlation analysis of Tim‐3 expression on CD4^+^ T cells and type 2 diabetes patients' fasting plasma glucose (FPG), glycated hemoglobin (HbA1c), insulin, body mass index (BMI), age and diabetes duration. \*\*\**P* \< 0.001.](JDI-7-867-g002){#jdi12523-fig-0002}

![T cell immunoglobulin and mucin domain‐containing molecule 3 (Tim‐3) expression on CD8^+^ T cells in type 2 diabetes patients is significantly increased. Peripheral blood mononuclear cells were isolated from healthy donors (*n* = 18) and patients with type 2 diabetes (*n* = 31). (a) Flow cytometry analysis of Tim‐3 expression on CD8^+^ T cells (left) and the statistical graph is shown (right) of type 2 diabetes patients (*n* = 31, 11.01 ± 1.29%) and healthy donors (*n* = 18, 3.93 ± 0.51%). (b) Correlation analysis of Tim‐3 expression on CD8^+^ T cells and type 2 diabetes patients', fasting plasma glucose (FPG), glycated hemoglobin (HbA1c), insulin, body mass index (BMI), age and diabetes duration. \*\*\**P* \< 0.001.](JDI-7-867-g003){#jdi12523-fig-0003}

Statistical analysis {#jdi12523-sec-0009}
--------------------

All the data were analyzed by GraphPad Prism 5 (GraphPad Software Inc., San Diego, CA, USA). Unpaired *t*‐test was used for comparison between groups. Pearson\'s correlation analysis was used to calculate the correlation coefficient. *P* \< 0.05 was considered a significant difference.

Results {#jdi12523-sec-0010}
=======

Tim‐3 expression is decreased on peripheral CD14^+^ monocytes in patients with type 2 diabetes {#jdi12523-sec-0011}
----------------------------------------------------------------------------------------------

Monocytes and macrophages are a heterogeneous population of immune cells, and have been proven to function in type 2 diabetes development[12](#jdi12523-bib-0012){ref-type="ref"}, [26](#jdi12523-bib-0026){ref-type="ref"}. We detected the expression of Tim‐3 on peripheral CD14^+^ monocytes in both the healthy donors and the type 2 diabetes patients by flow cytometry. The results showed that monocytes from type 2 diabetes patients (*n* = 31, 30.43 ± 3.58%) express less Tim‐3 than that from healthy donors (*n* = 18, 50.78 ± 2.36%; Figure [1](#jdi12523-fig-0001){ref-type="fig"}a). Tim‐3 has been confirmed to be the key molecule in macrophages M1--M2 polarization[27](#jdi12523-bib-0027){ref-type="ref"}. Just opposite to the M1, the M2 phenotype carries out tissue surveillance and remodeling functions, and is associated with maintaining insulin sensitivity[26](#jdi12523-bib-0026){ref-type="ref"}. The aforementioned results show that the circulating monocytes polarize toward M1 macrophages and damage the insulin sensitivity.

Tim‐3 expression is increased on peripheral CD4^+^ in patients with type 2 diabetes {#jdi12523-sec-0012}
-----------------------------------------------------------------------------------

Based on the evidence that the circulating CD4^+^ T cells play important roles in type 2 diabetes[28](#jdi12523-bib-0028){ref-type="ref"}, we first analyzed the expression of Tim‐3 on peripheral CD4^+^ T cells in both the healthy donors and the type 2 diabetes patients by flow cytometry. As shown in Figure [2](#jdi12523-fig-0002){ref-type="fig"}a, the type 2 diabetes patients (*n* = 31, 17.26 ± 1.51%) have a much higher level of Tim‐3 on CD4^+^ T cells than healthy donors (*n* = 18, 4.69 ± 0.45%). This result shows that Tim‐3 expression is increased on peripheral CD4^+^ T cells in patients with type 2 diabetes. Given that Tim‐3 is a negative regulatory molecule on CD4^+^ T cells, CD4^+^ T cells of type 2 diabetes patients might stay in a more suppressed state than healthy controls.

Tim‐3 expression is increased on peripheral CD8^+^ in patients with type 2 diabetes {#jdi12523-sec-0013}
-----------------------------------------------------------------------------------

As obesity‐associated CD8^+^ T cells could secrete IFN‐γ, which could activate macrophages and induce obesity‐related inflammation[6](#jdi12523-bib-0006){ref-type="ref"}, we analyzed the expression of Tim‐3 on peripheral CD8^+^ T cells in both the healthy donors and the type 2 diabetes patients flow cytometry. Tim‐3 expression on CD8^+^ T cells from type 2 diabetes patients (*n* = 31, 11.01 ± 1.29%) was significantly higher than that from healthy donors (*n* = 18, 3.93 ± 0.51%; Figure [3](#jdi12523-fig-0003){ref-type="fig"}a). This result showed that CD8^+^ T cells from type 2 diabetes patients display much more Tim‐3 than that from healthy donors.

Correlation analysis of Tim‐3 expression on CD4^+^ T cells CD8^+^ T cells and type 2 diabetes indicators {#jdi12523-sec-0014}
--------------------------------------------------------------------------------------------------------

As fasting plasma glucose, glycated hemoglobin, insulin, body mass index, age and diabetes duration are significant indicators in type 2 diabetes, we correlated Tim‐3 expression on CD4^+^ and CD8^+^ T cells with these indicators. As Figure [2](#jdi12523-fig-0002){ref-type="fig"}b shows, no correlation was found between Tim‐3 expression on CD4^+^ T cells and these indicators. It might be that more complicated factors affect the expression of Tim‐3 on CD4^+^ T cells. An inverse correlation was found between Tim‐3 expression on CD8^+^ T cells and diabetes duration (*P* = 0.0378; Figure [3](#jdi12523-fig-0003){ref-type="fig"}b). This result was inconsistent with the increased expression of Tim‐3 in Figure [3](#jdi12523-fig-0003){ref-type="fig"}a. In addition to diabetes duration, there was no correlation was found between Tim‐3 expression on CD8^+^ T cells and other factors. Maybe the transient high glucose upregulates the Tim‐3 expression on CD8^+^ T cells, and the long diabetes duration restores CD8^+^ T cells function by downregulating the Tim‐3 expression.

Correlation analysis of Tim‐3 expression on CD14^+^ monocytes and type 2 diabetes indicators {#jdi12523-sec-0015}
--------------------------------------------------------------------------------------------

In the correlation analysis of Tim‐3 expression on CD14^+^ monocytes and type 2 diabetes indicators, the same inverse correlation with CD8^+^ T cells was found between Tim‐3 expression on CD14^+^ monocytes and diabetes duration (*P* = 0.0436; Figure [1](#jdi12523-fig-0001){ref-type="fig"}b). The other indicators had no association with Tim‐3 expression on CD14^+^ monocytes. The aforementioned results show that Tim‐3 on CD14^+^ monocytes could serve as novel biological markers for diabetes duration in type 2 diabetes patients, which means that the longer the hyperglycemia time the lower Tim‐3 expression on CD14^+^ monocytes.

Discussion {#jdi12523-sec-0016}
==========

Tim‐3, a regulator of immune regulation and immune tolerance, is expressed in both innate and adaptive immune cells. Increased evidence has shown that dysregulation of Tim‐3 expression on peripheral CD4^+^ T cells, CD8^+^ T cells and monocytes is closely related to many autoimmune diseases, viral infections, and cancer[15](#jdi12523-bib-0015){ref-type="ref"}, [16](#jdi12523-bib-0016){ref-type="ref"}, [29](#jdi12523-bib-0029){ref-type="ref"}. However, it is still unclear whether Tim‐3 is involved in the pathogenesis of type 2 diabetes, which is characterized by hyperglycemia in the context of insulin resistance. In the present case--control study, we compared the Tim‐3 expression on various immune cells between patients with type 2 diabetes and healthy donors. We did not, however, find significant correlations between Tim‐3 expression on various immune cells and indicators of type 2 diabetes (fasting plasma glucose, glycated hemoglobin, insulin, body mass index, age and diabetes duration).

As type 2 diabetes is characterized by obesity‐associated chronic low‐grade inflammation, accumulating evidence shows multiple immune cells are involved in the pathogenetic process of type 2 diabetes. In 2012, Morinaga *et al*.[30](#jdi12523-bib-0030){ref-type="ref"} reported that circulating immune cells infiltrate the expanding adipose tissue in response to high‐fat feeding. Circulating CD4^+^ T cells frequency consistently correlating positively with increased body mass index or adiposity in human subjects[31](#jdi12523-bib-0031){ref-type="ref"} indicates that CD4^+^ T cells might function in type 2 diabetes. Tim‐3 is a negative regulatory molecule on CD4^+^ T cells. Tim‐3 overexpression on CD4^+^ T cells results in a low level of IL‐2 and IFN‐γ production[32](#jdi12523-bib-0032){ref-type="ref"}. In the present study, augmented Tim‐3 expression observed on CD4^+^ T cells in type 2 diabetes patients (Figure [2](#jdi12523-fig-0002){ref-type="fig"}a) showed that CD4^+^ T cells of type 2 diabetes patients were in a more suppressed state than healthy controls. CD8^+^ T cells are the main T cells responsible for the eradication of altered or foreign cells by secreting perforin and granzyme[33](#jdi12523-bib-0033){ref-type="ref"}, [34](#jdi12523-bib-0034){ref-type="ref"}. Previous reports claimed that CD8^+^ T cells were involved in the type 2 diabetes‐related inflammation. Obesity‐associated CD8^+^ T cells could secrete IFN‐γ, an important pro‐inflammatory cytokine for macrophage activation and obesity‐induced inflammation[6](#jdi12523-bib-0006){ref-type="ref"}, [35](#jdi12523-bib-0035){ref-type="ref"}. CD8^+^ T cells deletion results in a relative lack of inflammatory macrophages in obese adipose tissue and, importantly, systemic insulin sensitivity[35](#jdi12523-bib-0035){ref-type="ref"}. Tim‐3 is a negative regulator of CD8^+^ T cells function, and Tim‐3 blockade can restore proliferation and cytokine production of CD8^+^ T cells[36](#jdi12523-bib-0036){ref-type="ref"}, [37](#jdi12523-bib-0037){ref-type="ref"}. Upregulated expression of Tim‐3 on CD8^+^ T cells was observed in our current research (Figure [3](#jdi12523-fig-0003){ref-type="fig"}a). The results suggest that CD8^+^ T cells in type 2 diabetes patients show a dysfunctional state. However, there is no related correlation between Tim‐3 expression on CD4^+^ and CD8^+^ T cells, and type 2 diabetes indicators except the inverse correlation between Tim‐3 expression on CD8^+^ T cells and diabetes duration (Figures [2](#jdi12523-fig-0002){ref-type="fig"}b and [3](#jdi12523-fig-0003){ref-type="fig"}b). This inverse correlation is inconsistent with the increased Tim‐3 expression on CD8^+^ T cells in type 2 diabetes patients. The exact reason why Tim‐3 was upregulated on CD4^+^ and CD8^+^ T cells of type 2 diabetes patients, the inverse correlation between Tim‐3 expression on CD8^+^ T cells and diabetes duration, still requires further research.

Compared with CD4^+^ and CD8^+^ T cells, monocytes and macrophages play a more important role in type 2 diabetes‐related inflammation. Adipose tissue macrophages in type 2 diabetes can be distinguished as the anti‐inflammatory phenotype and pro‐inflammatory phenotype. The anti‐inflammatory phenotypes are referred to as M2‐like or alternatively activated macrophages, and pro‐inflammatory phenotypes are referred to as M1‐like or classically activated macrophages[38](#jdi12523-bib-0038){ref-type="ref"}. M2 macrophages carry out tissue surveillance and remodeling functions, and are associated with maintaining insulin sensitivity[39](#jdi12523-bib-0039){ref-type="ref"}. Tim‐3 promotes the macrophages to polarize to the M2 phenotype[28](#jdi12523-bib-0028){ref-type="ref"}. The results of the present study showed that type 2 diabetes patients have a much lower level of Tim‐3 on monocytes (Figure [1](#jdi12523-fig-0001){ref-type="fig"}a). This shows that type 2 diabetes patients display chaotic insulin sensitivity. In the correlation analysis (Figure [1](#jdi12523-fig-0001){ref-type="fig"}b), the inverse correlation between Tim‐3 expression on CD14^+^ monocytes and diabetes duration was observed (*P* = 0.0436). This indicates that the longer the hyperglycemia time, the lower Tim‐3 expression on CD14 monocytes.

In conclusion, the expression of Tim‐3 is downregulated on CD14^+^ monocytes and upregulated on CD4^+^ T cells and CD8^+^ T cells in type 2 diabetes patients. The correlation analysis between Tim‐3 expression on CD14^+^ monocytes and diabetes duration showed the longer hyperglycemia time, the lower Tim‐3 expression on CD14 monocytes. Our data suggest that Tim‐3 might participate in the progression of type 2 diabetes by its negative regulation on these immune cells, and Tim‐3 on CD14^+^ monocytes serves as a novel biological marker for diabetes duration in type 2 diabetes patients. However, the exact regulative mechanism of Tim‐3 expression on immune cells and the exact role of Tim‐3 in type 2 diabetes still need to be further elucidated.
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###### 

**Figure S1**\| Gated strategy of FCM analysis**.** (a) Gate strategy of CD14^+^ monocytes (Figure [1](#jdi12523-fig-0001){ref-type="fig"}a). (b) Gate strategy of CD4^+^ (Figure [2](#jdi12523-fig-0002){ref-type="fig"}a) and CD8^+^ (Figure [3](#jdi12523-fig-0003){ref-type="fig"}a) T cells.

###### 

Click here for additional data file.
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